Groundmass spinel grains in 46 kimberlite and related rocks have been analyzed and compared. The majority of the spinel analyses are classified as high-chromium chromite (Chr) and magnesioulvo« spinel^magnetite (Mum) and represent two significant stages of spinel growth. There are also a significant number of spinel grains that are classified as xenocryst spinel (Xen), pleonaste spinel (Ple) and magnetite (Mag). Eight different spinel zoning trends are identified.The majority of the Chr spinel grains are interpreted as a primary phase that crystallized as small octahedra from kimberlite magma on the journey from the upper mantle to the final resting place in the upper crust. Three zoning trends lead directly away from primary chromite. The major zoning trend, Trend 1, is from chromite to magnesio-ulvo« spinel^magnetite. This zoning trend is unique to spinel in kimberlite, carbonatites and lamprophyres. We suggest that this somewhat oxidizing, and more magnesian, trend was influenced by the high carbonate content of Group I kimberlites and the rapid crystallization of the minerals during the evolution of volatiles.The zoningTrend 2 involves increasing titanium and ferric iron as a function of increasing Fe 2þ /(Fe 2þ þ Mg). This trend is similar to the zoning of spinel in basalt and is thought to be due to co-crystallization of magnesium-and aluminum-rich silicate minerals such as olivine and phlogopite in kimberlites, or pyroxene and plagioclase in basalt. Zoning Trend 3 in kimberlite leads away from primary chromite and towards an aluminous pleonaste (Ple) spinel. This trend is characterized by a large decease of Cr/(Cr þAl) parallel to so-called olivine^spinel iso-potential lines. Similar trends of lesser magnitude and cyclic Al^Cr zoning have been identified in basaltic spinel. This trend is thought to be due to very rapid crystallization under conditions of supersaturation where the crystallization of spinel affects the local environment ahead of the growing spinel crystal (i.e. diffusion-controlled crystallization). The tendency for immiscibility between ferrite-or titanate-rich spinel, and aluminate-rich spinel (pleonaste) has a great influence on Trends 1 and 3 zoning and also on atoll-spinel formation. Very local conditions such as nucleation, or lack of nucleation, of other minerals can influence both the textural environment and composition of kimberlitic spinel.
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I N T RO D UC T I O N
Most diamonds have been transported to the Earth's surface by kimberlitic magma and thus the magmatic history may be important in understanding whether diamonds can survive the rapid journey from the upper mantle to the surface of the Earth. The term kimberlite is used in a very general sense that includes samples that might be better classified as ultramafic lamprophyres or lamproites (Rock,1986; Mitchell,1997; Tappe et al., 2006) . Composition and mineralogy has been used to divide kimberlites into Groups I and II (Dawson, 1967; Smith, 1983) . Mitchell (1986 Mitchell ( , 1995 has described the differences in petrography and composition of these two groups and has used the terms kimberlite and orangeite to distinguish between Groups I and II respectively. We use the term kimberlite to cover both groups. Generally Group I kimberlites have a slightly lower content of potassium and much less phlogopite, and a higher content of groundmass oxide minerals (i.e. perovskite, ilmenite, spinel). Kimberlites generally contain evidence of significant late-stage volatile activity, particularly H 2 O and CO 2 , and this commonly leads to replacement of minerals that had crystallized earlier.
There is evidence (Mitchell, 1986 ) that spinel commonly forms throughout kimberlite crystallization, thus the morphology and composition of groundmass spinel may be useful in deciphering the kimberlite crystallization history. It has been shown by Pasteris (1980) , Shee (1984) , Hall (1991) and Naidoo et al. (2004) that the composition of the core of groundmass spinel can be useful in distinguishing different phases of kimberlite. We use the general term spinel to include all those oxide minerals with the spinel structure, such as chromite (Chr), magnesio-ulvo« spinelm agnetite (Mum), magnesioferrite, pleonaste (Ple) and magnetite (Mag) .
An understanding of the texture and chemical composition of kimberlite minerals is difficult because of the lack of detailed experimental work on the crystallization history of kimberlite magma and the possible role of liquid or fluid immiscibility (Mitchell, 1986 (Mitchell, , 1995 . The kimberlite that we see is the end result of fairly rapid crystallization processes that start near 12008C (Fedortchouk & Canil, 2004) , with the early crystallization of olivine and spinel (Mitchell, 2006 (Mitchell, , 2008 , and continue to temperatures well below 6008C (Armstrong et al., 2004) , at which point hydrous and carbonate minerals such as serpentine, pectolite, calcite and dolomite become stable phases.
A useful method to show the variation in composition of spinel is with the so-called spinel prism (Irvine, 1965; Haggerty, 1975; Mitchell & Clarke, 1976; Mitchell, 1986) using either ferric iron (oxidized prism) or titanium (reduced prism) as the vertical axis. However, it is difficult to visualize a large number of spinel analyses within this three-dimensional prism. Thus many researchers (e.g. Haggerty, 1975; Pasteris, 1980; Mitchell, 1986) have chosen to plot the spinel analyses as if projected onto the three bounding planes of the spinel prism. Figure 1 is a plot of almost 3000 published spinel analyses from kimberlites and related rocks as if projected onto the right-hand face of the oxidized spinel prism. These published spinel analyses and references are given in Electronic Appendix 1 (available for downloading at http://www.petrology. oxfordjournals.org). Mitchell (1986) used this projection to identify two distinct compositional trends as shown by Trends 1 and 2 in Fig. 1 . Mitchell (1986) pointed out that Trend-1 spinel is commonly from Group-I kimberlites and Trend-2 spinel tends to be associated with Group-II kimberlites (orangeites), although Mitchell (1986) identified a number of exceptions.
Spinel macrocrysts and xenocrysts in kimberlites (dark grey circles in Fig. 1 ) are derived from the breakup of upper-mantle peridotite, and are then transported to the surface by kimberlitic magma. These spinel macrocrysts and xenocrysts that are low in Fe 2þ /(Fe 2þ þ Mg) tend to be low in both titanium (TiO 2 51 wt %) and ferric iron. There are some macrocrysts with higher Fe 2þ / (Fe 2þ þ Mg) that are -rich that are thought to be derived from metasomatized upper-mantle peridotite (Schulze, 2001 ).
The trends of spinel composition in kimberlites have been explained using a number of mechanisms. Mitchell (1986) /(Fe 2þ þ Mg) of spinel at the beginning of the trends as due to spinel derived from slightly different parent compositions that may be produced by magma mixing, whereas Pasteris (1980) explained these varying trends by different degrees of differentiation. Wallrock contamination of kimberlite magma may also play a role as shown by pleonaste spinel (Pasteris, 1980; Chakhmouradian & Mitchell, 2001 (Mitchell, 1986; Barnes & Roeder, 2001) . The basaltic trend is mainly due to the crystallization during cooling of olivine, plagioclase and clinopyroxene that increases Fe 3þ /(Fe 3þ þ Al þ Cr) in the residual magma as a function of increasing Fe 2þ / (Fe 2þ þ Mg). A common feature of both kimberlitic and basaltic spinel is that early spinel is very chromian rich (chromite or chromian spinel) and later spinel is very chromian poor. Thus the early spinel is near the base and the later spinel is near the top of the oxidized and reduced spinel prisms. Whereas there is no sign of Trend 1 in basaltic spinel, this trend is the dominant trend of kimberlites (Fig. 1) . Roeder et al. (2006) examined the variation in spinel composition in a number of basalts that had been quenched rapidly enough to preserve the composition of the melt as glass. Some of these spinel crystals are strongly zoned, particularly with respect to Cr and Al. Roeder et al. ( , 2003 Roeder et al. ( , 2006 concluded that a change in conditions to supersaturate the melt in spinel may have caused diffusioncontrolled crystallization and thus significant Cr^Al zoning in the crystals. The zoning in the crystals therefore may be due to a very local effect caused by depletion of chromium in the immediate vicinity of the rapidly growing crystals and may not necessarily represent a major change in the bulk chemistry of the melt.
The major focus of the present study was to analyze the composition of groundmass spinel from a number of kimberlites in order to relate the composition of the spinel to the morphology and petrographic environment of the spinel. An important part of this study was to identify spinel zoning trends in the kimberlite groundmass and to relate these trends to crystallization processes of the kimberlite.
A NA LY T I C A L T E C H N I Q U E S
The electron-microprobe analyses of spinel (Electronic Appendix 1) were made by energy-dispersive spectrometry using a technique described by Roeder et al. ( , 2006 . Quality control was maintained by analyzing a standard chromite (USNM 117075) during each electron-microprobe session. The resulting average wt% oxide for USNM 117075, the standard deviation of 151 analyses and the listed (Jarosewich et al. 1980) values for each oxide are as follows: Al 2 O 3 (10Á26, 0Á32, 9Á92), Cr 2 O 3 (60Á21, 0Á32, 60Á5), FeO (12Á97, 0Á25, 13Á04), MnO (0Á19, 0Á20, 0Á11), MgO (15Á31, 0Á31, 15Á20). The proportion of Fe 2þ and Fe 3þ in spinel was calculated assuming spinel stoichiometry. Most of the spinel grains are small (5 100 mm) and often show considerable compositional variation over 5^20 mm. Thus the spatial resolution of the electron microprobe analysis is important in order to determine the discontinuity in composition between adjoining zones. All spinel analyses were made with an electron-beam diameter smaller than 1 mm; however, the effective diameter of the analysed volume is much larger ($3^20 mm). The diameter of the analyzed volume depends on the element analyzed, the other elements present in an adjoining zone and the secondary fluorescence of X-rays in a nearby zone. Secondary fluorescence is a particular problem between zones with major differences in Fe, Cr and Ti, which is often the case in adjoining zones in kimberlite spinel. Many crystals show by X-ray mapping an abrupt (52 mm) discontinuity between zones that reflects an abrupt chemical discontinuity. However, electron microprobe analysis may show a virtual chemical variation within 5^20 mm of the discontinuity because of secondary fluorescence. This secondary fluorescence involves Fe X-rays produced under the electron beam in one zone exciting Cr and Ti X-rays in an adjoining zone.
S A M P L E S A N D P E T RO G R A P H Y
The samples used in the present study are listed in Table 1 and have come from 46 kimberlite localities, mainly from the hypabyssal and volcanoclastic facies. The present study is not meant to duplicate studies that have analyzed spinel in multiple samples of single kimberlites, such as those studies that led to the data shown in Fig. 1 . Rather, the present work is a detailed comparative study of a small number of samples from single kimberlites. The detailed petrography of these kimberlites has been described in various publications, some of which are listed in Table 1 . No attempt is made to undertake detailed petrography of single samples but we discuss those characteristics that are important to an understanding of spinel crystallization. The petrographic atlas published by Mitchell (1997) is highly recommended for an overview of the petrography of kimberlites.
Almost all the samples contain rounded olivine macrocrysts, the majority of which are serpentinized. A few samples (e.g. Tunraq and Kirkland Lake) contain very fresh olivine macrocrysts and small unaltered euhedral microphenocrysts of olivine in which only the rims are partially serpentinized. Some olivine macrocrysts contain euhedral spinel inclusions (Fig. 2a) . In many cases, these samples contain in the groundmass translucent red anhedral spinel fragments surrounded by an opaque rim of chromite ( Fig. 2b ) and magnesio-ulvo« spinel^magnetite. The translucent spinel crystals are low in TiO 2 (51 wt %) consistent with macrocrysts ( Fig. 1) and are assumed to be disaggregated spinel peridotite that formed prior to inclusion in kimberlitic magma. Other less common macrocryst phases are garnet, ilmenite and phlogopite. Samples with ilmenite macrocrysts commonly contain ilmenite fragments in the groundmass that are surrounded by irregular rims of perovskite and titaniferous magnetite. The most common minerals of the groundmass that crystallized from the kimberlite magma, or derived solutions, are olivine, phlogopite, spinel, ilmenite, perovskite, monticellite, apatite, calcite, dolomite, pectolite and serpentine. Some kimberlites contain laths of phlogopite or calcite that are aligned (Fig. 2c) indicating flowage of the groundmass. Phlogopite is usually a major mineral in Group II kimberlites whereas spinel is a very minor phase. Some phlogopite laths have a fairly clear core with an outside rim containing small spinel and perovskite crystals. Some phenocrysts of olivine contain perovskite and spinel arranged in zones (Fig. 2d) . As noted by Mitchell (1986) , atoll spinel (Fig. 2e) is found in some Group I kimberlite Shee (1984) but is rare in Group II kimberlite. The atoll 'lagoons' are usually composed of serpentine and/or calcite. One of the most puzzling aspects of kimberlite petrology is the role that serpentine and carbonate play in the crystallization of the groundmass. Some kimberlites have a groundmass that is largely serpentine and carbonate and it is not known whether these are alteration products, and thus represent replacement of earlier minerals, or whether the serpentine and carbonate crystallized directly from a melt, gel or fluid phase. Many Group I kimberlites contain calcite or carbonate segregation textures (Mitchell, 1997; Armstrong et al., 2004) . These are irregular amoeboid bodies ( Fig. 2f) composed largely of serpentine, in some cases with carbonate cores, and a rim with large carbonate crystals, prismatic apatite and phlogopite crystals projecting inward from the segregation rim. We have also found in the segregations amoeboid hydrous Ca, Fe and Ti silicates that may represent either a new mineral or a variant of atwillite. This unknown mineral is also found in the 'lagoon' of some atoll spinel.
S P I N E L A NA LY S E S
The spinel analyses of the present study are given and described in Electronic Appendix 1, and are plotted in Figs 3^5. The spinel analyses from Group II kimberlites are shown with blue symbols whereas the other colour symbols represent spinel from either Group I or unclassified kimberlites and related rocks. Discussion of the wide range in composition of kimberlite spinel is made easier by identifying six common groups of spinel or stages of growth of spinel. These are xenocryst peridotite spinel (Xen), metasomatized xenocryst peridotite spinel (Xen 0 ), chromite (Chr), pleonaste spinel (Ple), magnesioulvo« spinel^magnetite (Mum) and magnetite (Mag). The boundaries for these groups are of necessity arbitrary and these groups are intended only for ease of discussion. These fields are consistent with the spinel types identified by previous workers (i.e. Mitchell, 1986 Mitchell, , 1995 Haggerty, 1975; Edwards et al., 1992) . Figure 3 shows a projection onto the base of both the so-called oxidized-and reduced-spinel prism. Included in Fig. 3 are two lines that represent so-called iso-potential lines (Irvine, 1965) of spinel in equilibrium with olivine at a constant temperature. The isopotential lines represent the composition of spinel that is in equilibrium with olivine (FO 90 and 80) at a constant temperature of 12008C and 11008C. The variable Fe 3þ and Ti in spinel has not been taken into consideration in calculating these lines, thus these lines cannot be used in a quantitative sense. The lines were calculated using the equations of Poustovetov (2000) . It should be noted that very few spinel analyses plot to the left of the 12008C and FO ¼ 90 line and most of the Xen, Chr and Ple spinel analyses lie between the two lines. Figure 4 shows the variation of ferric iron and titanium in the spinel. The relative distribution of analyses of the present study in Fig. 4a is similar to the distribution of published analyses shown in Fig. 1 . The boundaries of the labeled fields in Fig. 4a are drawn arbitrarily and are not consistent between different projections and thus are not shown on Fig. 4b . The identified fields can be thought of as different stages of spinel crystallization. Some spinel crystals show a sharp compositional discontinuity between three stages. The Xen field includes translucent red spinel macrocrysts derived from peridotites that are either totally enclosed in large olivine macrocrysts or form the core of spinel fragments that were transported by the kimberlitic magma to the surface. The Xen field overlaps in some projections a field of fairly late-stage aluminous spinel (Ple) that is described in a later section. The Chr field includes the largest concentration of spinel high in chromium and this spinel often forms the small euhedral core of groundmass spinel or is included in olivine phenocrysts. These spinel are thought (Mitchell, 2006 (Mitchell, , 2008 to be the first spinel (primary) to have crystallized directly from the kimberlitic magma, either in the upper mantle or during the passage of the kimberlitic magma to the surface of the Earth. The majority of the spinel analyses in the Chr field (Figs 3, 4a and 5) are surrounded by Mum spinel that Mitchell (1986) has described as being on Trend 1 (magnesio-ulvo« spinel^magnetite trend). There is, however, a significant number of spinel analyses that fall between the Chr and Mum fields. These analyses may reflect an actual transition between the two zones of the crystal or reflect microprobe analyses that overlap two distinct zones of the crystal because of the discrete analyzing volume sampled by the electron microprobe. Careful examination of some of the spinel crystals by X-ray mapping has shown that some of the spinel analyses that fall between the Chr and Mum fields may in fact overlap two distinct zones in the crystal because of secondary fluorescence. The Mag stage includes almost pure magnetite, some of which may have formed well below the solidus temperature of the kimberlite magma and may be the result of late fluids that were involved in serpentinization of olivine and the formation of carbonate segregations.
Comparison of Fig. 4a and b suggests that ferric iron and titanium tend to show similar trends except for the late magnetite (Mag in Fig. 4a ), which is usually very low in titanium. The primary Chr spinel not only has low Fe 3þ / (Fe 3þ þ Al þ Cr) but also low Ti/(Ti þ Al þ Cr), whereas the Mum spinel with high Fe 3þ /(Fe 3þ þ Al þ Cr) usually has high Ti/(Ti þ Al þ Cr) above 0Á4.
The ternary projection of the so-called oxidized spinel prism is shown in Fig. 5 . There are many fewer spinel analyses on the left-hand side between the aluminous-and ferrite-rich spinel. This is due to the incompatibility of Al with Fe 3þ in the spinel structure at the temperatures at which these spinel grains formed. The boundary of the area marked 'spinel not stable' in Fig. 5a is variable and depends on both temperature (Sack & Ghiorso, 1991) /(Fe 2þ þ Mg) and Ti and thus a different field of stability at a particular temperature. It is also noted that in the very dynamic conditions prevalent during kimberlite evolution the range of spinel composition may extend outside that expected for equilibrium conditions and thus some spinel grains may have formed metastably.
S P I N E L T R E N D S W I T H I N S I N G L E K I M B E R L I T E S
It is not feasible to show the chemical trend and textural environment of spinel in all the studied kimberlites so only a few examples (Figs. 6^14) are presented, to illustrate particular points that are common to spinel trends in more than one kimberlite. We have also arbitrarily chosen to concentrate on the variation of Fe only the most magnesian (Fig. 6a) but also the most aluminous (Fig. 6b) . Both the Jericho and Rich kimberlite contain spinel xenocrysts (field Xen), a few of which have a core that may be a metasomatized upper-mantle peridotite (Xen 0 ) surrounded by primary chromite (Chr). The primary method used by most workers to distinguish different zones of spinel is by using the contrast in back-scattered electron (BSE) imaging, which essentially depends upon differences in average atomic number (AN) of the zones. Because of spinel-crystal chemistry the low atomic number elements Mg (AN ¼12) and Al (AN ¼13) tend to co-vary, as do the higher atomic number elements Cr (AN ¼ 24) and Fe (AN ¼ 26). Thus zones of different Al and Cr show a large BSE contrast whereas zones of significantly different Cr and Fe show little or no BSE contrast. Lines of constant average atomic number for the Al^Cr^Fe ternary diagram are shown in Fig. 6c . These lines can also be thought of as lines of constant BSE imaging.
As the location chosen for an electron-microprobe analysis is usually guided by differences seen in BSE images, it is often impossible to differentiate by BSE imaging the Chr and Mum zones for both Trends 1 and 2 spinel because these trends are almost parallel to lines of constant average atomic number (compare Fig. 6b and 6c) . Thus some microprobe analyses that lie between the Chr and Mum fields may transgress two zones that were not recognized at the time of analysis. This applies to both the present study and published studies.
The large range of zoning found in single spinel crystals from Rich is shown in Fig. 7 by lower-case letters and tie lines. Lower-case letters are used in succeeding diagrams to indicate a position on a single spinel crystal. Point a on the three projections is shown within a rectangular box to facilitate comparison between the three projections. A noteworthy feature is the large contrast in back-scattering response between points a and b in Fig. 7d and the small BSE contrast between points b and c considering the large difference in composition. The core of the spinel (point a) in Fig. 7d is a spinel xenocryst that is surrounded by chromite (b) and magnesio-ulvo« spinel^magnetite (c) over a distance of 25 mm. One distinctive feature of spinel in different samples of the Rich kimberlite is a very narrow outer zone (i.e. point f in Fig. 7e) (Fig. 7b) . We ascribe this very narrow outer zone to a high Mg activity at a very late stage as indicated by the large amount of late-stage dolomite in the groundmass. Tie lines with arrows are shown in Fig. 7b for four crystals that display zoning to an outer magnesian rim (i.e. point f). The Rich spinel seems to follow Trend 2 except for this late-stage outer rim that extends toward Trend 1 (Fig. 7b) . The spinel in Fig. 7e has a core (d) that is consistent with primary spinel that crystallized from the kimberlitic magma and shows extreme zoning to the outermost magnesian rim (f). A subtle outermost magnesian rim also occurs in some Jagersfontein and Grizzly spinel. Masun (1999) described a more magnesian rim on occasional magnetite from some Lac de Gras kimberlites.
An example of why one has to be very careful in ascribing an origin for spinel that plots in a certain position within one of the projections is the position of point a in Fig. 7a^c . This spinel is obviously a spinel xenocryst in field Xen in all three projections and thus this spinel was derived from a peridotite that predated inclusion in the kimberlitic magma. Compare this to the zoning of Grizzly spinel shown in Fig. 8 . Note the position of point b (surrounded by a rectangular box) in Fig. 8a^c . Although point b in Fig. 8a lies in the same position in the Xen field as point a in Fig. 7a , the Fe 3þ is very high for point b and this spinel lies between fields Chr and Mum in Fig. 8b and c and thus is not a xenocryst. The spinel in Fig. 8d shows very small holes between b and c that may represent an incipient 'lagoon' in an atoll. Note the relatively large contrast in electron back-scattering between points m, n and o in Fig. 8e , considering the small difference in the Cr/(Cr þAl) between these three points. The repetition of the m, n and o zones that parallel the iso-potential curves in Fig. 8a are a common feature in spinel from several kimberlites. This type of zoning is also common in mid-ocean ridge basalt (MORB) spinel ), but at lower values of Cr/(Cr þAl).
Spinel analyses from the New Elands kimberlite (Group II) are shown in Fig. 9 . The trend for most of the spinel analyses (black circles) is compatible with Trend 2 (Fig. 9b ) except for the circled analyses (light-grey circles) of a unique crystal shown in Fig. 9d and e. Analyses of this crystal have been grouped into four distinct zones (circled), labeled a, b, c, and d. The core (zone a) of this crystal is typical of a xenocryst derived from peridotite with 0Á7 wt % TiO 2 and high in Al 2 O 3 and Cr 2 O 3 . The zoning from a to c is to lower Cr (Fig. 9c) with Al 2 O 3 increasing from 11 wt % in the core (a) to 44 wt % Al 2 O 3 in c. It should be noted that this zoning from a to c to d is parallel (arrows) to the 12008C iso-potential line in Fig. 9a . The extreme outer zone d is low in Al 2 O 3 like most late-stage spinel. No other crystals were found in seven New Elands thin sections that showed a similar compositional variation or atoll morphology. Indeed, as noted by Mitchell (1986) , it is rare to find atoll spinel in any Group II kimberlites. The aluminous spinel (zone c) is found only in the lower part of the crystal, where there is a lagoon filled with serpentine. This aluminous spinel seems to occur only at the corners of the crystal. There is a sharp discontinuity between the d zone and the rest of the spinel, as seen in the BSE image, and a distinct compositional break between the c and d zones.
The spinel from the Tli Kwi Cho (TKC) pyroclastic kimberlite is shown in Fig. 10 . A number of spinel grains in this sample show a remarkable range in Cr/(Cr þAl) from 0Á8 (a, m) to less than 0Á1 (b, n) over a distance of less than 5 mm. The zoning of TKC crystals is indicated by the arrow that is parallel to the 12008C iso-potential line in Fig. 10a . The difference in electron back-scattering between the core (a and e) and rim (b and f) in Fig. 10d is very large but diffuse. This suggests that the boundary is continuous (i.e. a^b and e^f) in composition but too small to measure because of the overlapping analytical volumes. Crystals having a composition of c and d are present as separate crystals. The sharp boundary (Fig. 10e ) between n and o should be noted, which separates what is interpreted as two different spinel phases, an aluminousand a ferrite-rich spinel. One analysis of TKC spinel in the field that is marked as a 'spinel not stable' (Fig. 10c) is believed to overlap the boundary between an aluminousrich and a ferric-iron-rich spinel.
The spinel in the Igwisi Hills samples has three major zones (Fig. 11) ; a core of chromite (Chr) surrounded by magnesio-ulvo« spinel^magnetite (Mum) with an outer rim of aluminuous pleonaste spinel (Ple). The Chr and Mum spinel boundary could not be distinguished by BSE imaging, but was easily distinguished by X-ray (Fe, Ti, Cr) mapping (not shown). This sharp boundary is parallel to the crystal outline and has been accentuated by continuous lines in Fig. 11d and e. In contrast, the Mum^Ple boundary is easily distinguished by BSE imaging (Fig. 11d and e) because of the large difference in average atomic number. The spinel zoning trend from Mum to Ple, as shown by the bold arrows, is opposite to the trend Ple to Mum shown by the TKC spinel (Fig. 10) . The TKC zoning trend is similar to that reported by O'Brien & Tyni (1999) for spinel in a Finnish kimberlite and the Igwisi trend is similar to that reported by Pasteris (1980) for spinel found in DeBeers kimberlite that is adjacent to the contact with the host rock.
The Iron Mt. kimberlite contains atoll spinel that tends to be concentrated in certain areas of the thin section. The so-called lagoon between the core and the rim (Fig. 12d and e) is mainly filled with unknown material that is high in Si, Ca, Fe and Ti and has an analytical total usually below 90 wt %, which suggests a hydrous phase. An attempt to identify this material by localized X-ray diffraction was not successful. The composition of the core spinel of most atolls is in field Chr whereas that of the rim lies in field Mum. It is very difficult, however, to analyze the narrow rims of atolls without including elements in the surrounding material. Commonly the lagoon extends around only part of the crystal (e.g. point n in Fig. 12e) . The composition of spinel from four of the Wesselton (Shee, 1984) kimberlite intrusions (W-2, W-3, W-5, W-6) is shown in Fig. 13 . The spinel shows a typical Trend 1 with a fairly narrow range of Fe 2þ /(Fe 2þ þ Mg), which is consistent with that reported by Shee (1984) . Shee (1984 Shee ( , 1985 showed (Fig. 13d) that have a complex reaction rim of perovskite and spinel. Spinel a is in field Chr, which is consistent with an early primary spinel, and spinel b is in field Mum. Spinel c (Fig. 13e) is enclosed in a euhedral crystal of apatite within a segregation of serpentine and calcite. This spinel is almost pure magnetite and has a composition that is consistent with having crystallized at a very late stage.
The Benfontein Sill has many mineralogical and chemical characteristics that are typical of kimberlite as reported by Dawson & Hawthorne (1973) . The sample used in the present study is dominated by relatively large spinel octahedra within a matrix of calcite and dolomite. The spinel has two very distinctive compositions, which are shown in Fig. 14. Two small euhedral spinel grains enclosed within a serpentinized olivine phenocryst with euhedral outlines are shown in Fig. 14d . These spinel grains are similar to primary spinel (Chr) that have been described for other kimberlites (Figs 6^13) . The majority of the spinel crystals are significantly larger euhedral octahedra with a reaction rim that is composed of Fe-rich chlorite (Fig. 14e) . The composition of these larger spinel grains falls well within the Mum field and shows little chemical variation. The two major populations of spinel in this sample are magnesian-rich with the same Fe 2þ /(Fe 2þ þ Mg) and thus are consistent withTrend 1, as are the published Benfontein spinel analyses (Dawson & Hawthorne, 1973; Boctor & Boyd, 1981; McMahon & Haggerty, 1984) .
D I S C U S S I O N Comparison of spinel in kimberlite and basaltic rocks
The majority of previously published kimberlitic spinel analyses (Fig. 1) and analyses from the present study (Fig. 4a ) plot in the Chr and Mum fields. This suggests that the spinel analyses in these two fields represent two significant stages of growth in the crystallization of kimberlite. It is probable that some analyses that fall between the Chr and Mum fields are due to the analyst not being able to distinguish different zones because of their similar BSE contrast. It is instructive to compare the analyses of spinel found in kimberlite with those of spinel found in basaltic volcanic rocks. The three projections of the oxidized spinel prism are shown for spinel in kimberlite (Fig. 15a, c, e) of the present study and for published spinel analyses of basaltic rocks (Fig. 15b, d, f) from the spinel database of Barnes & Roeder (2001) . The two major fields 'Primary spinel' and 'Magnetite' have been identified for the basaltic spinel to emphasize the differences and similarities compared with the two fields Chr and Mum of kimberlitic spinel (Fig. 15a, c, e) . The two olivine^spinel iso-potential lines are included in Fig. 15a for comparative purposes. The primary Chr spinel in kimberlite has a high Cr/(Cr þAl) of 0Á75^0Á95 whereas the primary chromite and chromian spinel of basaltic volcanic rocks span a large range of Cr/(Cr þAl) of 0Á2^0Á9 because the basalts range in composition from MORB to boninites . The Fe 2þ /(Fe 2þ þ Mg) values for primary chromite are similar for kimberlite and basaltic spinel. A very distinctive difference ( Fig. 15c and d One of the interesting similarities between the kimberlitic (Fig. 15c ) and basaltic spinel (Fig. 15d) ). We believe this paucity of analyses for the basaltic spinel is partly due to the reaction relationship between early Cr-rich spinel and melt to produce clinopyroxene (Irvine, 1967; Hill & Roeder, 1974) . However, this gap in spinel analyses for both kimberlite and basaltic spinel may in part be due to the cooling conditions and to the choice of samples both for analysis and publication by researchers.
Major stages of spinel growth and zoning in kimberlites
Figures 16 and 17 are schematic diagrams that are designed to emphasize the major stages of spinel growth found in kimberlites (Xen, Chr, Mum, Ple, Mag) and the principal trends (1^8) of spinel zoning (arrows). Some of the major stages of spinel growth and zoning trends for single kimberlites have been previously identified (i.e. Mitchell, 1986 Mitchell, , 1995 but the present study is the first to publish a large number of groundmass spinel analyses from a number of kimberlites to better compare the various stages and zoning trends. The present study is also the first to compare in detail the zoning trends in kimberlite groundmass spinel with the common zoning trends found in basaltic glasses. The earliest spinel grains are xenocrysts (Xen, Xen 0 ) that crystallized in peridotite in the upper mantle. These xenocrysts were derived by fragmentation of peridotite either during inclusion in the kimberlitic magma or during the journey towards the Earth's surface. After fragmentation the surfaces of the spinel xenocrysts that were exposed to kimberlitic magma were overgrown by primary spinel (Chr) or have reaction zones around the xenocrysts as indicated by zoning Trends 4 and 5 (Figs 16  and 17) . The majority of the Chr spinel grains are thought to be primary chromite that crystallized directly from the kimberlitic magma. These chromite grains are usually small in size and are thought to have been euhedral octahedra (e.g. central zone in Fig. 11d and e) that were later overgrown by the much larger volume of Mum spinel. We believe that the discrete Chr chromite is analogous to the small euhedral chromite and chromian spinel octahedra found in many rapidly cooled basalts. Roeder et al. (2006) demonstrated that basaltic magma may have only a small volume per cent (50Á1 vol. %) of such spinel, but that it may be dispersed as a suspension of tens of thousands to hundreds of thousands of tiny spinel crystals per cubic centimetre of melt. The early co-crystallization of olivine and spinel in many basalts (Roeder et al., 2006) and kimberlites (Mitchell, 2006 (Mitchell, , 2008 may reflect decreasing pressure during passage of the magma towards the Earth's surface.
The principal spinel zoning trend that follows the crystallization of primary Chr in kimberlite is Trend 1, and to a lesser extent Trends 2 and 3. The different spinel trends can be explained by differences in cooling rate and some combination of four basic factors.
Effect of spinel immiscibility on spinel zoning trends
Spinel solid solution is interrupted by solid immiscibility (Mitchell, 1986) , the extent of which depends upon temperature of crystallization and the spinel composition. Sack & Ghiorso (1991) presented diagrams showing the extent of spinel solid solution in equilibrium with olivine at various temperatures as calculated from thermodynamic data. It is not possible to use these diagrams in a quantitative sense but they help us to understand spinel immiscibility in a qualitative sense. Sack & Ghiorso (1991) demonstrated that there is immiscibility between the aluminate and ferrite spinel at all temperatures of kimberlite crystallization (512008C) whereas there is miscibility between chromite and ferrite spinel at higher temperatures but possible immiscibility as temperatures approach 6008C. Figure 16 is drawn to be consistent with the general sense of the Sack & Ghiorso (1991) diagrams and to show how the extent of spinel solid solution may vary as a function of the hypothetical solvus temperatures of T1 to T4. No attempt has been made to show how the variation in Fe 2þ /(Fe 2þ þ Mg) and Ti would affect these hypothetical solvus isotherms. The limited miscibility between aluminate and ferrite spinel can be seen by the few analyses of kimberlitic and basaltic spinel near the Al^Fe 3þ join in Fig. 15e and f.
The first spinel (Chr) that crystallizes from kimberlite magma is very high in chromium and has a composition near the Cr apex in Fig. 16 . The crystallization of primary spinel produces zoning Trends 1, 2 and 3 all directly away from the Cr apex. The aluminous Trend 3 is drawn to be consistent with the zoning of the TKC spinel (Fig. 10) and the unique crystal in the New Elands sample (Fig. 9) . If the hypothetical isotherms in Fig. 16 are correct, Trend 2 is least likely to intersect the spinel solvus. The aluminous Trends 7 and 8 are most likely to intersect the spinel solvus as the spinel changes from Chr to Ple to Mum or from Chr to Mum to Ple. We believe that the TKC (Fig. 10 ) and the Igwisi (Fig. 11) spinel are examples where the spinel solvus was intersected, as shown by the abrupt change in electron back-scattering at the Ple^Mum interface. The TKC spinel often has Ple as rims on Chr whereas the Mum often occurs as separate grains in the groundmass. The BSE image of the unique New Elands crystal (Fig. 9e) shows a discrete boundary between the c and d zones and a lagoon in the lower part of the crystal. It may be that the spinel solvus was intersected by this spinel, or the solvus influenced the lack of growth of spinel d on the planar faces. We suggest that the New Elands crystal (Fig. 9e ) was free to grow downwards at the corners (d), but lack of spinel constituents in the melt close to the growing crystal face, and/or spinel immiscibility, caused formation of the lagoon. The change of c to d in Fig. 9c is parallel to Trend 8 in Fig. 16 . Pasteris (1980) and Mitchell (1986 Mitchell ( , 2006 Mitchell ( , 2008 have suggested that the so-called lagoons found in atoll spinel were produced by a reaction that removed previously formed aluminous spinel. If the spinel solvus had some influence on the crystallization trends we would predict that Trend 1 would be more influenced than Trend 2, as shown (Fig. 16 ) by the position of these two trends relative to the suggested solvus temperatures (T1 to T4). This may be the reason why atolls are more likely to be found in Group I kimberlites where spinel tends to follow Trend 1. Armstrong et al. (1997) suggested that atoll formation was caused by supersaturation and rapid cruciform growth of spinel at the corners of the crystal whereas the faces of the crystal did not have enough spinel constituents nearby to complete the face. Mitchell (1986) noted that the most common phases between the atoll core and rim are serpentine and carbonate. We have confirmed this observation and also observed an unidentified phase ( Fig. 12d and e) in the lagoon in some kimberlites (e.g. Iron Mt.). We suggest that the lagoon represents a volume where spinel never crystallized, because of lack of spinel constituents and/or spinel immiscibility. This volume could at that stage have been the oxide^silicate kimberlite melt or a separate immiscible fluid phase.
Rapid growth of spinel
Rapid thermal fluctuations in a kimberlitic or basaltic magma may cause rapid growth of spinel and thus locally deplete spinel constituents ahead of the growing crystal . Both kimberlitic and basaltic spinel can display significant zoning from high-Cr to high-Al spinel parallel to the olivine^spinel iso-potential lines (Trend 3).
The Trend 3 spinel zoning for two kimberlites [TKC and Finnish kimberlite (O'Brien & Tyni, 1999) ] are compared in Fig. 18 with zoning in two MORB spinel grains ( Fig. 18d and e) from the East Pacific Rise . The zoning of the TKC spinel is shown by black arrows, the spinel zoning of the Finnish kimberlite (O'Brien & Tyni, 1999) by yellow arrows and the spinel zoning in the MORB spinel by the blue arrows. Natland (1989) described zoning in East-Pacific Rise basaltic spinel that was parallel to olivine^spinel iso-potential lines (Fig. 18a) , and he ascribed it to crystallization from melts with a narrow range of Fe 2þ /(Fe 2þ þ Mg). This type of zoning is common in basaltic samples and often results in alternating zones as seen in Fig. 18e . explained this type of zoning by the varying rate of diffusion of Cr in the melt ahead of a rapidly growing crystal at near constant Fe 2þ /(Fe 2þ þ Mg) in the melt. We believe that the spinel Trend 3 (Chr to Ple) for the two kimberlites and the MORB sample shown in Fig. 18 result from the same process of rapid growth at a high degree of supersaturation of spinel. The extent of the Cr/(Cr þAl) zoning is much greater for the two kimberlite samples than for all the basalt samples described by . This may in part be due to a significantly lower viscosity of kimberlitic melt and/or more rapid thermal changes in kimberlite melt. The extent of these thermal changes is unknown. Grutter & Apter (1998, fig. 7 ) showed an example in kimberlite of a low-TiO 2 xenocrystic chromite surrounded by a vermiform rim. They ascribed the vermiform rim as due to crystallization 'within an ascending saturated kimberlite or lamproite magma' . A very similar texture was found by in a high-temperature experiment on a MORB glass and was ascribed to crystallization, not resorption.
Most of the kimberlitic spinel examined in the present study shows marked changes in composition over very small distances, which suggests rapidly changing conditions at stages Chr, Mum and Ple with little or no spinel homogenization at a later time. An obvious exception is the large euhedral spinel grains in the Benfontein Sill that are unzoned, which suggests relatively slow crystallization or at least a long period of time at temperatures high enough to promote homogenization of the spinel, as might be expected in the relatively slower-cooling environment of a sill.
Significant differences in melt composition
An obvious factor that can influence spinel compositional trends is the difference in composition of different batches of kimberlitic magma. We know little about the original composition of kimberlitic magma because late processes have often destroyed evidence of the original melt composition. There are obvious differences in the Fe 2þ / (Fe 2þ þ Mg) of primary (Chr) spinel in different kimberlites such as shown by the Ekati, Jericho and Rich kimberlites (Fig. 7) and in kimberlites described by Pasteris (1980) , Shee (1985) , Mitchell (1986) and Masun (1999) . There is evidence that very small differences in the Fe 2þ /(Fe 2þ þ Mg) of primary Chr may be followed by larger differences in later spinel as shown by the differences of Trends 1 and 2 for the Grizzly and Rich spinel (Fig. 6a) . The crystallization of early phlogopite in Group II kimberlite has often been cited (i.e. Pasteris, 1980; Mitchell, 1986) as the primary reason for Mg and Al decreasing in the melt and thus increasing the Fe 2þ /(Fe 2þ þ Mg) as shown for Trend 2 spinel. We agree with the proposition of Pasteris (1980) that lack of phlogopite crystallization may have been responsible for spinel zoning demonstrated by Trend 7 from Mum to Ple spinel for the Igwisi Hills samples (Fig. 11) , and also reported by Reid et al. (1975) and Dawson (1994) . There are significant differences in the amount of carbonate associated with kimberlites containing Trends 1 and 2 spinel. One of the characteristics of many Group I kimberlites is the presence of carbonate segregations that formed late in the crystallization history of the kimberlite. It has been noted by many researchers (e.g. Mitchell, 1986; Armstrong et al., 2004) that carbon dioxide and water are very important components in the late evolution of kimberlite. It has been suggested that the evolution of these volatile components for some kimberlites may be almost explosive because of depressurization of the kimberlitic magma during rapid intrusion into the upper crust . If the carbonate segregations represent a volume that was filled by a late vapour or an immiscible fluid phase, the minerals now in that volume may be due to crystallization of that fluid, the late infilling of that volume by intra-crystalline melt, and/or late reaction with meteoric water. The large change from stage Chr to stage Mum spinel (Fig. 11d and e) may in some cases be related to rapid vesiculation, which in turn led to rapid changes in temperature and melt composition.
It is suggested that in those kimberlites in which carbonate played a major role the activity of magnesium remained high under relatively oxidizing conditions, thus leading to the essentially constant, and relatively low, Fe 2þ /(Fe 2þ þ Mg) of Trend 1 spinel. Some of the best examples of Trend 1 spinel were found in the Iron Mountain, Igwisi Hills, Wesselton, Udachnaya, Benfontein and the Grizzly samples. All of these samples contain either carbonate segregations or significant carbonate in the groundmass (Benfontein). Even though the Rich kimberlite is a Group I kimberlite, the spinel displays Trend 2 spinel (Crawford, 2003, and present study) . However, the outermost rim of the Rich spinel (Fig. 7b) exhibits characteristics of Trend 1 spinel and it is suggested that only at a very late stage did the carbonate activity for this kimberlite have a significant influence on the spinel composition (Trend 6). However, some of the phases present today may have been very different before late reaction with meteoric water. For example, water-soluble halides and alkali carbonates found in the deeper levels of the Udachnaya-East diamondiferous pipe (Kamenetsky et al., 2004 (Kamenetsky et al., , 2008 Kamenetsky, 2005; Maas et al., 2005) may have been precursors to the Ca^Mg carbonates and serpentine found in the higher levels of the Udachnaya-East pipe. This may be true for other Group 1 kimberlites. There is evidence (Fig. 1 ) that spinel associated with carbonatites (Mariano & Roeder, 1983; Gaspar & Wyllie, 1984; Treiman & Essene, 1984; Barnes & Roeder, 2001; Armstrong et al., 2004) or lamprophyres (Rock, 1986; Ulrych et al., 1986; Tappe et al., 2006) tends to have a higher amount of the magnesioferrite molecule (MgFe 3þ 2 O 4 ). This is consistent with kimberlite spinel that approaches Trend 1.
Spinel zoning influenced by local nucleation of other phases
The majority of spinel in hypabyssal kimberlite crystallized very rapidly to produce zoning over a short distance and most of that spinel never homogenized. There is textural and compositional evidence that the nucleation, or lack of nucleation, of other minerals can influence the composition of spinel. For example, the majority of the spinel grains in the New Elands kimberlite follow a trend close to Trend 2 (black dots in Fig. 9a^c ) and may be explained by the crystallization of phlogopite that depleted the melt in Mg and Al. However, a unique New Elands spinel crystal is thought to have been prevented from growing upwards (Fig. 9e) because of the presence of a large phlogopite crystal whereas the lower part of the spinel crystal continued to grow because no phlogopite had nucleated at that location, and thus the spinel became very aluminous.
The nucleation, or lack of nucleation of other minerals can influence not only the morphology but also the composition of nearby spinel. Many spinel grains are preserved from later reaction with the melt by the nucleation of phases (e.g. olivine and phlogopite) that enclose the spinel (e.g. Chr in Benfontein olivine, Fig. 14b ).
C O N C L U S I O N S
The dramatic changes in spinel composition seen in many kimberlites have been explained by some researchers as an indication of changes in the general kimberlite melt composition, and may be useful in understanding kimberlite evolution and possibly even the conditions that control diamond preservation. The present study is based on 1675 spinel analyses from 46 samples of kimberlite and related rocks. The principal conclusions of the present study are that the morphological and compositional diversity of spinel in a single kimberlite is the result of rapidly changing thermal and pressure conditions.
The main stages of spinel growth and trends in zoning found in the present study are shown schematically in Figs 16 and 17. Each of Trends 1^8 has been found in more than one kimberlite (in the present or published studies) and an understanding of the processes that produced each of these trends reveals important information about the crystallization history of the kimberlite. Fields Xen and Xen 0 represent spinel xenocrysts derived from peridotite xenoliths that were swept up by kimberlitic magma as it traveled towards the Earth's surface. Those spinel xenocrysts exposed to kimberlite melt are often enclosed by primary spinel (Chr) giving zoning Trends 4 and 5. The primary spinel that first crystallizes from kimberlitic magma is thought to be small (25^100 mm) euhedral octahedra of high Cr/(Cr þAl) chromite (Chr). It is believed that the majority of primary spinel (Chr) crystallized between the source of the kimberlitic magma in the upper mantle and the Earth's surface (Mitchell, 2006 (Mitchell, , 2008 , and these tiny spinel grains may have been close to equilibrium with the kimberlitic magma. These spinel grains acted as nuclei for the zoning Trends 1, 2 and 3 that end with very low chromium spinel (Mum, Ple, Mag). We believe the Trend 3 aluminous zoning parallel to the olivine^spinel iso-potential curves of Irvine (1965) is the result of rapid thermal changes and diffusion-controlled crystallization. A similar trend is found in basaltic spinel . However, the Cr/(Cr þAl) zoning found in two kimberlite examples, TKC and Finland (O'Brien & Tyni, 1999) , is much more extensive than any reported for basaltic spinel ). These differences in magnitude of zoning may be due to a lower melt viscosity, or more rapidly changing thermal conditions of kimberlite magma than for basaltic magma.
The majority of the zoning of spinel in kimberlites is Trend 1 from Chr to Mum (Mitchell, 1986) . We believe this zoning is a result of a combination of variables that were initiated by the rapid depressurization of the kimberlite magma, which initiated evolution of carbon dioxide, rapid thermal changes and crystallization of other groundmass minerals. It is also probable that spinel immiscibility (Figs 16 and 17b ) played a role in the Trend 1 zoning. We believe carbon dioxide, or carbonate, played a prominent role in oxidizing ferrous iron and keeping the magnesium activity relatively high. No attempt was made in the present study to calculate the oxygen fugacity from the composition of spinel and coexisting olivine (Fedortchouk & Canil, 2004) because of the many assumptions that would be necessary, such as equilibrium of zoned spinel.
We examined spinel in nine Group II kimberlites and found Trend 2 spinel in only four of them (Lace, New Elands, Newlands, Roberts Victor). Thus we were unable to confirm a correlation of Trend 1 and 2 spinel with Groups I and II kimberlites respectively as suggested by Mitchell (1986) . However, we agree with Pasteris (1980) and Mitchell (1986) that the crystallization of phlogopite, and other magnesian minerals, probably played a major role in changing the magma composition that resulted in Trend 2 spinel. We suggest that Trend 6 as seen in the Rich spinel may indicate the importance of carbonate in maintaining elevated magnesioferrite in spinel that is characteristic of Trend 1.
There are many analogies between the spinel found in kimberlite and in basaltic volcanic rock. The early primary crystals in kimberlites and basaltic rocks are small (5100 mm) euhedral octahedra and it is probable that the magma contained many thousands of crystals per cubic centimetre of magma (Roeder et al., 2006) . The primary spinel in both kimberlite and basaltic magmas is zoned from high chromium to very low chromium over a short distance because of the rapid growth and the very low solubility of chromium in silicate melts. Some of the early crystals in both kimberlitic and basaltic spinel show the aluminous Trend 3, which we ascribe to very rapid thermal changes. The major difference between the spinel zoning trends in basaltic rocks and kimberlite is the predominance of Trend 1 spinel in kimberlites. Another obvious difference is that the presence of atoll spinel seems to be restricted to kimberlite, although found a variety of spinel crystal forms in rapidly cooled MORB that are thought to have been the result of diffusion-controlled crystallization. We thus believe that atoll spinel is a growth feature and not a result of resorption as described by Mitchell & Clark (1976) and Pasteris (1980) . Because of the textural complexity of the kimberlite groundmass it was not possible to evaluate the relative volume of the spinel phases. However, the much smaller amount of Chr relative to Mum spinel is illustrated for the Igwisi samples ( Fig. 11d  and e) . It was much more difficult to find Chr as compared with Mum spinel in the polished thin sections because of the much smaller volume of Chr present in the samples; however, Cr-rich spinel was found in all but four samples. We conclude that the smaller volume of Chr relative to Mum is a growth feature and not a result of extensive resorption of Chr as discussed by Mitchell (1986) .
The present study was undertaken with the goal of using the complex zoning in kimberlitic spinel to better understand the evolution of kimberlitic magma and the conditions that may favor diamond survivability in that magma. What we have learned is that the complex zoning in spinel is due to a combination of factors that are mainly the result of rapidly changing conditions that were far from equilibrium. These rapidly changing conditions led to local conditions such as the patchy distribution of atolls and heterogeneous nucleation of phases that sometimes influenced the composition of spinel. It is possible that the spinel zoning trends may with further study be useful in estimating the rate of change of conditions for kimberlite magma. An attempt was made in the present study to correlate spinel composition and spinel zoning trends with the diamond content of single kimberlites. However, no obvious correlation was found such as that described (Van Straaten et al., 2006) for the Victor Northwest Kimberlite Pipe.
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